Purpose To evaluate the present human-based evidence that diet is related to the risk and outcome of prostate cancer. Methods Review of major case-control and cohort studies, and experimental trials evaluating the eVect of diet or dietary constituents on the risk of prostate cancer. Results Although non-experimental studies have suggested several dimensions of diet and several dietary components as related to risk and outcome of prostate cancer, the results of these studies are inconsistent. There is limited evidence that a diet that emphasizes plant products is associated with diminished risk of prostate cancer and of aggressive prostate cancer. Conclusion The non-experimental epidemiologic evidence that has now accrued justiWes trials of dietary intervention for those at elevated risk of prostate cancer.
Introduction
Prostate cancer mortality varies substantially among regions of the world; it also varies according to the socioeconomic development of these regions. The highly developed, industrialized, and aZuent countries of Europe and the United States tend to have higher incidence and mortality than the developing countries [1] . Age-adjusted rates of prostate cancer incidence in Western Europe and North America range between 80 and 100 per 100,000 per year, while age-adjusted mortality ranges between 10 and 20 per 100,000. Age-adjusted incidence in Western, Southeastern, and Eastern Asia and Eastern and Northern Africa ranges between 10 and 20 per 100,000 per year, while mortality is only slightly lower [1] . Screening and diagnostic practice and genetics may contribute to these diVerences. Lifestyle, quite possibly diet, may also contribute, although components of the diet that contribute to variation in prostate cancer risk have not been elucidated [2] .
As dietary exposure is ubiquitous, the possibility that diet can reduce prostate cancer risk has attracted a great deal of interest [3] . Indeed, several lines of evidence suggest that diet is related to prostate cancer risk and outcome: epidemiology, international variation, and migration studies suggest that diet is related to prostate cancer risk and course [2] . Studies based on cell lines and animal models also suggest that diet may have important eVects. This review will emphasize the larger in vivo, human-based studies that have considered the links between diet and prostate cancer.
A complication of eVorts to link dietary practice and prostate cancer risk and mortality among humans is that the prevalence of indolent and asymptomatic prostate cancer is high relative to the incidence of aggressive disease [4] . Thus, to the degree that diet and screening or case Wnding are associated, the existence of undiagnosed disease in subjects believed to be disease free can confound studies of the linkage between prostate cancer and diet [5] . Because indolent and aggressive prostate cancer may be distinct diseases, with distinct etiologies as well as courses, several diet studies have distinguished aggressive from other prostate cancer [6] [7] [8] [9] [10] [11] [12] [13] . Diet may have a greater bearing on the aggressive than on the more indolent form of prostate cancer. Two important chemoprevention studies insisted on pathologic conWrmation of cancer status; the Prostate Cancer Prevention Trial of Wnasteride required an end-of-study biopsy of all participants [5] ; and the Reduction by Dutasteride Trial required biopsies at the beginning, middle, and end of treatment [14] . Absent more sensitive and speciWc imaging technologies, future studies of dietary etiology will require pathologic conWrmation of cancer status.
Epidemiology: micronutrients and a major macronutrient Dietary epidemiology, evaluating associations between dietary practice and risk within human population samples, is a widely considered means of linking diet with prostate cancer risk [15] . Much of the epidemiologic evidence is observational; its limitation is that causality is diYcult to conWrm; the most convincing means of establishing that dietary practice has a causal bearing on disease risk in humans is to conduct randomized trials. To date, there have been very few studies of diet and cancer conducted within randomized trials.
Questionnaires have over the past 40 years served as major instruments of dietary epidemiology, with subjects asked about the frequencies and quantities of their consumption of inventories of foods [15] . Investigators have used the data from these inventories to construct indices of nutrient exposure. A limitation of this approach is that the indices are subject to substantial imprecision [16] . The imprecision can cause estimates of the importance of any one nutrient to be misestimated and can make it diYcult to disentangle the impact of any one nutrient from those of others. Observed associations can underestimate or overestimate true associations [16] . This problem is lessened in studies in which an exposure or intervention is administered as part of a randomized trial, or in studies in which dietary exposure is assessed by biological markers, such as nutrient levels in blood. Table 1 summarizes major studies of the micro nutrients and macronutrient that have received the greatest attention in the dietary epidemiology of prostate cancer: carotenoids, fat, vitamin E, vitamin D/calcium, and selenium.
Carotenoids and retinoids
An early interpretation of the associations between plant intake and reduced cancer risk was that plants might supply retinoids or carotenoids to protect against cancer at a number of sites [17, 18] . The data have, however, revealed little association between retinol or retinoids and altered, much less reduced, risk of prostate cancer [19, 20] . The data regarding carotenoids have proven more encouraging.
Giovannucci's [6] analysis of data from a cohort of almost 48,000 health professionals showed little association between most of the carotenoids and risk. The exception was a strong, negative association of lycopene, the chief carotenoid in tomato products, with risk. The relative risk among those in the top category of lycopene ingestion was diminished by approximately 20%. Although there was an association between tomato intake and risk, the association was stronger for cooked than for raw tomato intake; this could have been caused by cooking's eVecting greater absorption of lycopene. A similar result, with a 25% decrease in risk, was observed by Gann in a plasma-based case-control study nested in a cohort of physicians; this relationship was stronger for aggressive than for more indolent cancer [21] . The lycopene Wndings are not entirely consistent. A large cohort study of over 58,000 men conducted in the Netherlands; [7] none of the associations of risk with retinol, lycopene, alpha carotene, or beta carotene intake was statistically signiWcant. Among the several antioxidant nutrients considered in blood in a nested case-control study-alpha and beta carotene, total carotene, beta cryptoxanthin, lutein, lycopene, retinal, ascorbic acid-none was associated with decreased risk [22] . In Kolonel's case-control study, carotenoid intake was associated with increased risk [23] . The study revealed no association between carotenoid or retinoid intake and risk. The Alpha Tocopherol, Beta Carotene Trial (ATBC) provided no evidence of an alteration of risk associated with beta carotene supplementation [11] . Andersson et al. [20] was one of many studies to show that retinol intake was associated with increased risk.
Fat
Dietary fat has been blamed for the elevated occurrence of many cancers, including prostate cancer, in the western industrial world [2] . Although there is epidemiologic evidence that dietary fat is associated with increased risk, that evidence is mixed. An early case-control inquiry conducted in Western New York [24] observed a positive association between fat intake and prostate cancer risk. Giovannucci's analysis of the cohort of health professionals revealed no association between total, saturated, or monounsaturated fat and prostate cancer risk [8] . The data revealed no association between risk and the major polyunsaturated fatty acid, linoleic acid. In fact, the relative risk among those in the highest category of monounsaturated fat intake was nearly doubled, to 1.86 [8] . The intake of alpha linolenic acid was associated with risk: major sources of this fatty acid include some vegetable oils and meats. It is important, however, that this fatty acid fraction amounts to a very minor fraction of total fat intake; among those in the top category, alpha linolenic acid constitutes about 1% of total fat intake [16] . Giovannucci also observed the intake of fat from meats to be associated with increased risk. Gann et al. [25] similarly observed a near doubling of prostate cancer risk in the top alpha linolenic acid category in a plasma-based case-control study nested in a cohort. Hayes's large case-control eVort considered dietary determinants of prostate cancer among blacks and whites [9] . Among 449 black cases and 543 black controls, risk was nearly doubled among those with the highest category of fat consumption. No such association was observed among the 483 white cases and 658 white controls Hayes evaluated. However, among both blacks and whites, intake of foods high in animal fat was associated with increased risk of advanced prostate cancer [9] . In a nested case-control study within the health professionals' study evaluated by Giovannucci, Wsh consumption was associated with decreased prostate cancer risk and especially with decreased risk of aggressive cancer [26] (data not shown). But in another nested plasma-based study based on samples provided by a cohort, no association with linoleic acid or marine fatty acids was noted [25] (data not shown).
Vitamin E
The Alpha Tocopherol, Beta Carotene Trial, conducted in Finland, revealed that those assigned to alpha tocopherol supplementation, 50 mg per day, experienced an unanticipated, 40% decrease in prostate cancer risk [11] . This protective association was present for clinically signiWcant [12] . More recent analysis reveals this slight increase in prostate cancer risk to be statistically signiWcant [13] .
Vitamin D/calcium
Giovannucci [27] reviewed the evidence regarding vitamin D in prostate carcinogenesis, concluding that vitamin D is associated with protection. In light of the close interaction of vitamin D and calcium in intake and metabolism, Giovannucci [10] also evaluated the association between calcium intake and prostate cancer risk in the health professionals' study, observing that elevated calcium intake was associated with an approximately 70% increase in risk.
He suggested that part of the impact of calcium intake could be its impact on vitamin D levels.
Selenium
Selenium has attracted a great deal of attention as a possible chemopreventive agent. Populations in regions with low soil selenium have elevated cancer risks [28] . A nested case control study based in a large prevention clinical trial, the Carotene and Retinol EYcacy Trial, revealed no association between serum selenium and prostate cancer risk [29] . A large case control study, comparing serum selenium levels of cases and controls [30] , suggested a moderate, 30% decrease in decreased risk with higher selenium levels. Allen's nested case-control study in England, with selenium exposure measured by toenail selenium levels, observed no signiWcant or dose-response pattern of association with prostate cancer risk [31] . Allen et al. [32] obtained similar null results in an analysis of the connection between blood selenium and prostate cancer risk in a nested case-control study within a large European cohort. In a nested case-control study, Helzlsouer [33] observed decreased prostate cancer risk with the most elevated levels of selenium. The clinical trial of selenium supplementation reported by DuYeld-Lillico [28, 34] was initially designed to evaluate the impact of a supplement of selenium 200 mcg per day on basal and squamous cell skin cancer recurrence. The study revealed a statistically signiWcant, 50% decrease in prostate cancer risk among subjects assigned to selenium supplementation [28, 34] . The most signiWcant decrement in risk was among those with lowest baseline blood selenium levels [34] .
The Selenium and Vitamin E chemoprevention Trial (SELECT) was initiated partly in response to mounting interest in selenium as a chemopreventive nutrient [12] . Selenium 200 mcg/day in form of selenomethionine was one of the agents administered to the 35,000 average-risk men who participated in the trial. The disappointing result of this high-powered trial was the absence of any evidence that selenium in this form decreased prostate cancer risk [12] . A second trial tested the ability of the same selenium dose and formulation among some 450 men with high grade prostatic intraepithelial neoplasia to prevent the progression of this high-risk condition to prostate cancer [35] . The results were consistent with those of the SELECT: selenium supplementation among HGPIN patients did not prevent the condition from progressing to prostate cancer.
Other possible dietary leads
Isothiocyanates-compounds found in cruciferous vegetables-have generated interest. Summaries of epidemiologic literature [36] [37] [38] [39] indicate that cruciferous vegetables might induce preventive, anticancer activity. The active agents in crucifers are believed to be isothiocyanates; these compounds have a number of functions, including detoxiWcation and antioxidation, which might reduce cancer risk [38] . Cell line-based studies suggest that sulforaphane, an isothiocyanate derived from broccoli, is a powerful inducer of detoxifying enzymes that are often down-regulated in prostate cancer [39] . The induction of phase II enzymes could be partly responsible for the association of intake of broccoli and other cruciferous vegetables with decreased prostate cancer risk [39] .
The balance of plant as opposed to animal products in the diet may be important [37] . A small study indicated that a diet emphasizing plant over animal product intake is associated with decreased risk of and a less aggressive course for prostate cancer [3] . The intake of red meat and dairy products, such as milk, cheese, and butter, has been associated with increased risk, while the intake of vegetables in general, but especially of cruciferous vegetables and tomato products, was associated with decreased risk, [6, 24, 40] . On the other hand, Schuurman et al. [41] following a cohort in the Netherlands of nearly 60,000 men found consumption of only some vegetables to be associated with decreased risk. Schuurman et al. concluded that no substantial alteration of risk is associated with fruit and vegetable consumption. A nested case-control comparison within a multiethnic cohort comprising Japanese, Chinese, European Americans, and African Americans [23] revealed associations of several food components, including soy and other legumes, yellow-orange, and cruciferous vegetables, with decreased risk. This study revealed no association of risk with tomato product or fruit consumption.
Obesity as a potentially important biomarker
Although obesity may be aVected by individual metabolic factors, obesity as measured by the body mass index may be an important overall biomarker of the excess of energy ingested over energy expended [2] . The overall association of prostate cancer risk to obesity has generally been observed to be weak [42, 43] . What has been more consistently observed is that obese men tend to be diagnosed with more advanced, higher grade disease [43] . In general, obesity is negatively associated with more indolent prostate cancer but positively associated with more aggressive cancer [43, 44] . Obese men are also more likely than lean men to die of prostate cancer [43] . The data on the association of obesity with higher grade disease are not entirely consistent: among members of one cohort, for example, obese men tended to appear with lower-risk disease [45] .
The dynamic of the associations between obesity and higher grade disease is not well understood. It could be an artifact, resulting from obesity's making diagnosis more diYcult. The association of obesity with elevated risk of higher grade disease could result from obese men having greater blood volume, so that the blood concentration of PSA concentration, used to detect early prostate cancer, is diluted [43] . The digital rectal examination could also be less sensitive for obese than for non-obese men. Causal mechanisms are also possible: obesity could certainly increase the risk only of aggressive disease. The higher estrogen levels of obese men could play a role in their higher risk of aggressive disease. A metabolic syndrome could be possibly linked to obesity and to prostate cancer risk, as abdominal obesity might have diVerent eVects than overall obesity [46] . As growth factors may be linked to obesity, investigators have considered growth factors as related to prostate cancer risk. Insulin and linked growth factors are associated with increased risk [47] . A nested case-control study conducted within a large European cohort showed only a weak association with IGF; this association appeared slightly stronger for aggressive prostate cancer [48] .
Conclusion
While there is evidence for a dietary role in prostate cancer, the epidemiologic evidence is frustratingly inconsistent. It is not clear that simple reWnements in dietary measurement, such as more elaborate questionnaires and dietary inventories, will clarify the association between diet and prostate cancer or even point the way to more consistent associations. Although biomarkers of nutritional practice may be of use, blood or other readily accessible biomarkers are only available for certain nutrients. Trials, as complex as they may be, may be needed for identifying the importance of diet in prostate cancer risk and course. Fair and Wynder proposed [49] that trials of nutritional modiWcation might help to disentangle the association of diet and prostate carcinogenesis and point the way to nutritional prevention of and therapy for prostate cancer.
A limitation of clinical trials for prostate cancer is that the genesis and emergence of this cancer may take considerable time; the time required for the normal prostate to be transformed to a cancerous one probably spans decades. Thus, trials of preventive interventions for average-risk men need must either be long in duration, based on massive samples of subjects, or focused on subjects at elevated risk. The Prostate Cancer Prevention Trial, for example [5] , recruited close to 19,000 participants who were followed for 7 years, while the Selenium and Vitamin E Chemoprevention Trial (SELECT) recruited over 35,000 men and monitored them for over 5 years on average [12] . If, however, patients at very high risk of developing clinically signiWcant prostate cancer could be recruited, a trial with smaller numbers of participants could be assembled.
One reasonable group for study would be men with lowgrade, low-volume prostate cancer. Such men are increasingly being monitored rather than immediately treated. Although delayed treatment for these patients does not comprise outcome, the 3-year likelihood of aggressive, clinically signiWcant disease development among such men has been estimated to be as high as 30% [50] [51] [52] [53] [54] . Parsons and colleague have initiated a randomized clinical trial of diet change for men with early-stage prostate cancer: the Men's Eating and Living Study (MEAL). The justiWcation for this trial is the need for stronger evidence regarding dietary eVects. Although the common, indolent form of prostate cancer may be distinct from the aggressive form that is life-threatening, the indolent form may over time, due to such environmental inXuences as diet, evolve to the aggressive form. The hypothesis of the MEAL study is that a change to a diet that emphasizes intake of vegetables and fruits and that discourages the intake of animal products will slow the progression of the indolent to the aggressive form of prostate cancer. Prostate cancer patients can readily adopt a diet that emphasizes vegetables and fruits [55] [56] [57] .
The MEAL study, now open through the National Cancer Institute cooperative groups and Clinical Trials Support Unit, will seek to enroll 460 low-grade, low-volume prostate cancer patients. Subjects, on trial for 2 years, will be monitored by PSA every 3 months and receive a repeat biopsy at one and at 2 years on study. The outcome of the trial will be progression as marked by an increase in the Gleason grade of the cancer, an increase in the PSA, a decrease in the doubling time of the PSA, or an increase in the volume of the cancer. This trial can be accessed through the Clinical Trial Support Unit of the National Cancer Institute of the US, or by contacting the Alliance for Clinical Trials in Oncology Network or the Southwest Oncology Group.
In spite of the considerable eVort expended to date, including the investigation of such dimensions of the diet as total energy, nutrients, vegetables, fruits, meats, Wsh, dairy products, and whole grains, Wndings have been weak and inconsistent. One of the strongest associations observed is between body mass index, a biomarker that largely reXects an excess of energy intake over energy expenditure, and risk of aggressive cancer. An ongoing trial will test the modest epidemiologic evidence that a diet that emphasizes vegetable and fruit consumption may impart a slight advantage. Whether the modesty of the advantage observed to date stems more from the unimportance of the diet or from diYculties in measuring and quantifying the diet is not clear. Clinical trials may help to identify more clearly whether diet modiWcation might alter the risk and course of prostate cancer. A trial now open will consider whether diet change aVects the progression of low-grade, small volume prostate cancer.
